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ABSTRACT 
In the highly competitive environment in which all companies have to operate, 
it is becoming more and more important to optimise the amount of time a 
piece of equipment is down for scheduled repairs and the scheduling of these 
repairs. In this dissertation the equipment that is considered are the 
seventeen Babcock Borsig designed boilers situated on the Sasol Secunda 
site. A schematic drawing of these boilers is shown in figure 1. This drawing 
does not include the Electrostatic Precipitator that is located at the outlet of 
the boiler. 
The main function of the seventeen boilers on the Secunda site is to supply 
process steam to the rest of the factory. With each of the plants that are 
supplied with process steam having its own needs at any point in time, 
ensuring that enough steam is available in the system becomes an extremely 
important issue. The reason for this is that the plants that are supplied with 
process steam form a train and if one of the plants can not produce to full 
capacity, the down stream plants are also affected. 
The secondary function of the boilers is to supply steam to ten turbines for the 
generation of electricity. This means that any steam that the factory is not 
using is used for the generation of electricity. The ten generators can not 
supply the full need of the factory and the rest is drawn in from the national 
electricity supplier. It is thus best to generate as much electricity as possible. 
With the price of electricity varying during the year, winter being more 
expensive, the time when a boiler is off becomes critical. 
To ensure that the necessary process steam is available the long term plan of 
the factory is used to calculate the year budget for steam required by the 
factory. But as with everything plans do change and a short term plan is used 
to ensure that enough process steam is available for the factory. 
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Figure 1. A schematic drawing of the case study boiler. 
To accomplish this task the availability of the boilers that is necessary to 
supply the correct amount of process steam is calculated. To supply anymore 
process steam will be a waste of money because it is very expensive to run 
the boilers and not to supply enough process steam will also cost money 
because of the fact that less product is produced. 
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1 SHUT DOWNS, WHY AND WHEN 
1.1 Introduction 
Major cost items come in three categories; capital inv~stments, 
catastrophic failures and deliberate plant shutdowns. The first is subject 
to intense scrutiny/justification and, with the exception of the patchy 
adoption of Life Cycle Costing, is pretty much understood. The intent is 
desperately to avoid the catastrophic events by using systematic and 
quantitative analysis methods (HAZOP, ORA techniques, Risk-Based 
Inspection etc). The third area, that of planned shutdowns, is still an 
enigma for many organisations. Much effort has gone into the efficient 
planning and delivery of the work involved, but relatively little guidance 
exists for determining what work is worth doing in the first place, and 
how this should be clustered into appropriate packages to share 
shutdown opportunities. A surprising number of organisations 
(particularly in the utilities and service areas of operation) still do not 
know how much a shutdown costs them. [6] [14] [15] [16] 
1.2 Boiler Shut Down Tasks 
The first step is the systematic determination of the tasks that may 
warrant a boiler shutdown in the first place. If there is an existing regime 
of shutdowns, inspection cycles etc, it is somewhat wasteful to re-build 
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1 
the task list from scratch. However, even in such cases, a 'zero-based' 
maintenance programme (FMECA, RBI and RCM combinations) can be 
a good stimulus to challenge existing habits and pre-conceptions. [6] [8] 
[13][16] 
1.2.1 Reasons for tasks 
The FMECA stage is fairly well evolved, albeit with some variations 
depending upon the existence or not of local historical data of failure 
modes and effects. One advance in this area is the observation that, for 
Greenfield projects (new plants that were build with no operational 
experience), it is often easer to populate the list of potential degradation 
and failure modes in reverse, i.e. by mapping intended functions first, 
then listing functional failure consequences and finally brainstorming the 
failure modes that could result in such effects. Where maintenance 
history exists, on the other hand, known failure modes comprise the 
seed information, from which to extrapolate and consider other potential 
(not yet observed) failure modes. Generic libraries or templates can also 
act as such seed material, provided that local conditions and potential 
failure modes are also considered. [4] [13] 
The criticality assignment to failure modes is a subject in its own right, a 
source of confusion or clarity, depending on where you stand. It is 
certainly needed, and in shutdown studies, it has been found that the 
main decisions are determined by just 5 - 10 dominant failure modes 
and the tasks designed to address them. Identifying these critical items 
is however not easy. The API Recommended Practice (580/581) on 
Risk Based Inspection is predominantly a criticality assessment and 
prioritising of failure risks. Structured risk-ranking workshops, involving 
operators, engineers and maintainers, offer lesser rigour but are, in 
many cases, just as effective in identifying the key drivers, often at a 
fraction of the cost. [6] [16] 
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1.2.2 Types of task 
RCM is a widely accepted set of rules for relating individual threats 
(failure modes) to the best preventive, predictive, corrective or detective 
tasks. The method is particularly suited to complex plant with many 
different types of failure mode. Static equipment holds less variety, most 
maintenance is condition-based and the predominant concerns are 
"what inspection method, and how often?". API RP 580/581 was 
developed specifically to provide such guidance. Both RCM and RBI 
can be exhaustive but various criticality-streamlined versions have 
emerged to focus on the bits that matter most. [8] [16] 
Whatever the identification method, individual tasks fall into two groups 
for the current purposes: cyclic activities (such as preventive 
maintenance, inspections and periodic replacements) and once off 
tasks, such as modifications, capacity upgrades or other changes. The 
once off tasks are generally subject to the same evaluation and 
justification as other projects or capital investments, and their timing is a 
matter of cash flow/payback/NPV/IRR calculations. The disadvantages 
of the delay of the shut down represent continued levels of risk, 
inefficiency or constrained performance, diluted to some degree by the 
advantage of deferring major expenditure. [17] 
Cyclic tasks, on the other hand, are much more complex to evaluate and 
optimise. They exist because of (actual or potential) deterioration and 
risks or performances that change with time. To build a model of the 
cost/risk/performance trade-off and determine the optimal interval, the 
impact of premature or delayed work and the sensitivities to any key 
data assumptions involve: 
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Structured, quantified description of the degradation process, 
using range estimates wherever hard data is not available. This 
description is built around five distinct families of quantification 
techniques: 
• Reliability and risk (failure modes, probability patterns and 
consequences) 
• Operational efficiency (energy, consumables, output 
volumes and quality) 
• Lifespan effects (life extension, capital deferment etc) 
• Regulatory compliance (safety, environmental) 
• Shine factors (public and customer impression, employee 
morale etc) 
Cost/risk/performance calculations for alternative intervals -putting 
numbers to the familiar trade-off curves. 
Sensitivity testing to the extremes of possible data uncertainty 
(often variations by factors of 10 or more for the speculative 
elements) 
Identification of key decision 'drivers' (which assumptions have the 
greatest effect upon the optimal decision). 
If justified, more detailed investigation of these key assumptions to 
determine the correct strategy (in most cases, range estimates 
are enough to identify the optimal interval, and only when the cost 
of uncertainty is high will the additional research be justified). 
The trade-off calculations vary with the components involved; in many 
cases there are several interacting failure modes, efficiency profiles and 
effects upon life expectancy all in the same evaluation. For example, an 
overhaul of a heat exchanger will consider tube leaks and blockages, 
performance effects of fouling and cumulative damage to the bundles 
due to cleaning. The analysis results reveal which factors drive the 
maintenance strategy, and how that strategy varies with equipment 
usage, operational criticality, fouling rates etc. [1] 
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In the case of inspection intervals, there is a further split in the modelling 
methods required. The predictive/condition monitoring inspections 
dominate in major process industry shutdowns, to identify and track 
vessel and pipe work corrosion or cracking. Functional testing or 
detective inspections, on the other hand, are those designed to reveal 
existing 'hidden' failures typical of protective or standby equipment. [6] 
1.2.3 Combining tasks - Compromise decisions 
The shutdown strategy is a compromise. Some tasks will be performed 
ahead of their ideal timing; others will be delayed to share the downtime 
opportunity. The risks and performance impact of delayed tasks, as well 
as the additional costs of deliberate "over maintenance" in others, both 
contribute to the price paid for a particular shutdown packaging. The 
degree of advantage, on the other hand, is controlled by the costs that 
can be shared as a result. The downtime impact (lost opportunity costs) 
often dominates such sharing advantage, but the direct costs (planning, 
facilities, labour etc) of shutting down and starting up again should also 
be considered. The critical path of component tasks will determine the 
equipment bundle's total downtime impact and this will vary with the 
degree of sequential or parallel working that is possible (as well as the 
discovery of defects that need corrective work, task overruns etc.). 
Uncertainty is often high but, like component task justifications, these 
equipment bundle characteristics can be explored in "what if' mode to 
determine if, and which, assumptions make a difference to the final 
outcome. 
External constraints exist at both the individual task and shutdown of 
equipment bundle levels. Regulatory requirements determine that some 
inspections should occur at least 3 yearly, or that a maximum acceptable 
risk is 1 o-6 for a certain failure mode. This limits the range of allowable 
time intervals for that task. At the bundle level, logistical, safety or 
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resource restrictions may constrain the grouping of certain tasks. Such 
bottlenecks force a greater cost of compromise: a sub-optimal 
combination and timing for the work. 
Another form of bottleneck is that introduced by the need for a task at 
short intervals while all other tasks can be performed substantially less 
often. This introduces the option of nested cycles (the other tasks being 
performed every 2, 3 or more cycles of the short interval work 
The grouping and re-grouping of tasks, and "what if' exploration of de-
bottlenecking, can be manual (combining tasks in different equipment 
bundles and moving the equipment bundles to shorter or longer 
intervals). [6] 
1.3 Research Definition 
In the current business environment it is critical to optimize the operation 
of plants. Any plant producing a product is only able to produce while in 
operation. Because of this the plant must stay in operation as long as 
possible. This means that the availability of the plant must be kept as 
high as possible. 
The down side of this is that if the plant is not maintained regularly the 
plant will have to be shut down more often because of breakdowns in 
the plant. Because of this the maintenance department would like to 
have the plant down as often as possible to allow for maintenance. But 
this in turn will affect the availability of the plant negatively. 
This is why it is important to know how much time is available for 
maintenance in order to keep to the production budget for the year 
ahead. This is especially true when the plant being maintained does not 
produce the final product, but is only part of a larger factory setup. 
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1.4 Summary 
The major maintenance work that is to be done on equipment happens 
during shut downs when the whole plant is available to be worked on. 
For this reason it is important to plan and schedule your shut down work 
well in advance. The next chapter gives a description of the boiler that is 
used in the case study. There are a total of seventeen boilers on the 
plant in question that must be scheduled. 
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2 BOILER DESCRIPTION 
2.1 Introduction 
This chapter consists of a description of the case study boiler and its 
components to provide the technology context of what is being 
managed. The boiler is divided into three different sections depending 
on the substance handled by each section. The different sections of the 
boiler are the steam and water system, the air and flue gas system, and 
the ash system. References [11] and [12] give descriptions and designs 
of typical boilers. A drawing of the case study boiler is shown in figure 
2.1. 
2.2 Water and Steam Flow Through the Boiler 
2.2.1 Feed Water Station 
The boiler is supplied with boiler feed water from a common header. 
This common header operates at a pressure of 71 bar (71 00 kPa) and a 
temperature of 115°C. From this header there is a tap off point to supply 
each of the seventeen boilers with feed water. 
From the discharge header, each boiler has an isolating valve and 3 
control valves at the feed water station. The water then flows through a 
DP Els (9002515) 8 
Economic Scheduling of Steam Boiler Plant Shut Downs for Targeted Availability 
flow orifice, which measures the amount of water flowing to the boiler, 
through a non-return valve and then a motorised valve. This motorised 
valve isolates the water from the boiler during emergencies. Next on 
this main water line, there are two branches. One supplies the mud 
drum as described below through a motorised valve, and the other line 
supplies water to the bottom headers, through a motorised valve at the 
drain manifold. Next the water flows through the boiler condenser into 
the steam and water drum. 
ELEVATION 
PLAN 
Figure 2.1. Drawing of the case study boiler with its major components. 
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2.2.2 Boiler Condenser 
The condenser is a heat exchanger consisting of a U-shaped tube 
bundle. Feed water flows through the tubes, and steam flows around 
the tubes in the condenser shell. 
Two steam lines enter the top of the condenser. The steam is supplied 
from two lines that also feed the steam and water drum main safety 
valve lines. Both the steam supply lines are fitted with vents. The 
condenser operating pressure is 4900 kPa, at a temperature of 263°C. 
The feed water, with a pressure of 6400 kPa and a temperature of 
113°C, enters the condenser. The water enters the upper part of the U-
shaped tubes and flows through the tubes, and exits from the lower 
section. In the process, the feed water is heated by an additional 22-
250C causing the steam around the tubes to condense. An overflow 
(funnel) is installed in the condenser shell that maintains the condensate 
water level. The excess condensate flows back to the steam and water 
drum. 
2.2.3 Steam and Water Drum 
The feed water enters the steam and water drum through two pipelines 
that feed two headers, which are perforated at the bottom, to distribute 
the water evenly along the full length of the steam and water drum. 
In the steam and water drum the cyclones separate the water from the 
steam by a centrifugal (spinning) action. The wet steam proceeds 
through cyclone scrubbers and then through the secondary scrubbers. 
The scrubbers remove water droplets from the steam. 
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An number of tubes take the water from the steam and water drum to 
the mud drum as described below, and from the mud drum there are 
also another number of tubes, which takes the steam water mixture to 
the steam and water drum as described below, where the steam 
separates from the water. These tubes between the steam and water 
drum and the mud-drum are called the convection bank tubes. 
In the steam and water drum there is a continuous blow down header, 
which runs the full length of the steam and water drum. This header is 
perforated. Water from the steam and water drum flows into this header. 
This is called the continuous blow down, and drains from the east and 
west side of the steam and water drum. Lower down the boiler these 
two lines joined into one. On this line there is a control valve, which 
controls the conductivity [J.IS/cm2] in the steam and water drum. The 
conductivity of the water in the boiler is controlled by opening the control 
valve more if the conductivity goes up or closes if its goes down. 
Both the steam and water drum main safety valves are connected to the 
super heater inlet header. There are also three branches from the 
steam and water drum to the pilot safety valves, situated on the boiler 
roof at the north/west side. These main and pilot safety valves prevent 
the steam and water drum from over pressurising and are set to open at 
a pressure of 5650 kPa. 
2.2.4 Mud Drum 
Water from the cold side of the convection bank enters the mud drum. 
The water then returns from the mud-drum through the tubes to the 
steam and water drum, and enters at the rear of the sealed steam and 
water drum plates. 
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There are two mud drum drains on the sides of the mud drum. These 
drains are used to blow down solid particles from the mud drum. 
The boiler tubes, called down comers, supply the bottom headers with 
feed water; from here the water is evenly distributed to all four-side walls 
of the boiler. 
2.2.5 Boiler Water Walls 
The walls are formed by water wall tubes. All the wall tubes are welded 
together with membranes in between. All these welds are done 
according to specific welding procedures. 
The front wall (south) is formed by tubes that run the full height of the 
boiler and then curve over to form the roof of the boiler. These tubes 
enter the steam and water drum behind the seal plate. 
The rear wall (west) is also formed by tubes, they form the nose inside 
the boiler, which is to direct the gas flows over the super heater tubes. 
Some of these tubes do not take part in the forming of the nose. They 
enter directly behind the sealed plate of the steam and water drum. 
2.2.6 Dead Space 
The dead space is the area above the water wall tubes that form the roof 
of the boiler. It is called the dead space because it forms an insulating 
box above the boiler where people can not enter unless the boiler is 
offline. The sidewalls (east and west) are formed by tubes that run up to 
the dead space into three headers. These headers collect all the steam 
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water mixture and with six pipes from each header, the water steam 
mixture is transported to the steam and water drum. 
2.2. 7 Super Heater Headers 
After the cyclones separated the water from the steam, the steam then 
enters through tubes to the super heater inlet header, where the two 
main steam and water drum safety valves branch off, at both ends of the 
header. 
There are super heater tubes that branch off the inlet super heater 
header. The super heater tubes are arranged in groups of four which is 
called an element of the super heater bank. The super heater tubes 
form a loop inside the boiler which then enters the outlet super heater 
header. Skin temperature thermocouples are installed just before the 
super heater outlet header in the dead space to monitor the metal skin 
temperature of the super heater tubes to prevent them from over 
heating. 
2.2.8 Steam Header and Attemperator on Boiler Roof 
Two super heated steam headers come from the super heater outlet 
header from the side of the boiler and join together in one super heated 
steam final outlet header on the roof of the boiler. 
As the super heated steam enters the attemperator it passes a 
thermocouple to measure the inlet temperature of the super heated 
steam entering the attemperator. As the super heated steam enters the 
attemperator spray water is added to the super heated steam to control 
the temperature of the super heated steam leaving the boiler. At the 
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outlet of the boiler another thermocouple is installed the measure the 
outlet temperature of the super heated steam. This temperature is used 
to control the amount of spray water to be added to the super heated 
steam to keep it at 440°C. 
Down stream after the attemperator a branch with a manual isolating 
valve and a motorised valve that leads to the soot blower system. This 
system is used to blow the soot off the furnace wall tubes, super heater 
tubes and/or the convection bank tubes, to get rid of all the ash build up 
on the tubes. 
There are also two super heater steam main safety valves and three 
pilot safety valves which lifts beyond a value of 4750 kPa. The over 
production safety valves are installed on the down stream side of the 
super heater safety valves. These safety valves lift first if the boiler 
steam pressure increases beyond a value of 4700 kPa. 
There are three pilot safety valves and one main safety valve. The 
purpose of the safety valves is to protect any container or pipelines from 
over pressurisation, which can cause damage to the equipment. 
2.2.9 Start-Up Vent Valve 
This system is used for the starting up of the boiler. If the boiler is not on 
line, there will be no steam flowing through the super heater tubes, 
thereby causing overheating of the super heater tubes in the furnace 
when the boiler is being fired for steam production. The motorised 
isolating valve must be open at all times, and the regulating valve, only 
when it is necessary to start up the boiler or protecting the during over 
production upsets. 
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To stop any steam returning into the boiler from the high pressure (HP) 
headers, there is a non-return valve (NRV) installed. 
To isolate the boiler steam system from the HP headers, a motorised 
valve is installed which is known as the crown valve. There is a leg vent 
fitted on the down stream side of the crown valve, to charge the steam 
leg from the boiler intermediate valve up to the crown valve, when a 
boiler is off line. The meaning of charging a pipeline is to warm up the 
pipeline slowly and put it under pressure, in such a way, so that it is not 
possible for any water or steam hammer to damage the equipment. 
To know how much steam is produced from the boiler, the steam flow 
must be measured, and therefore a steam orifice is installed between 
the crown and intermediate valves. 
At the HP headers there is also a hand isolating, and by-pass valves, for 
proper isolation and to charge the steam leg. This is called the 
intermediate valve. 
2.3 Air and Gas Flow 
2.3.1 Air Flow 
The heat generated in the furnace is used to generate the steam. To 
generate this heat three components are needed; burning material, 
oxygen and an initial source of heat. In the case of the boiler the 
material that is burnt is coal, the oxygen is obtained from air that is 
drawn in through fans from the atmosphere and the heat is initially 
obtained from oil that is burnt in the furnace. Oil is also burnt for special 
purposes such as to put mills in commission and to support unstable 
coal fire. 
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To continuously generate heat in the boiler to produce steam, the 
process must be controlled. That is done by three types of fans, namely: 
• Induced draught fans (10-fan), 
• Force draught fans (FO-fan) and 
• Primary air fans (PA-fan). 
The FO-fans take air from the atmosphere and provides all the air 
required for combustion of coal. At the outlet of these fans the air is split 
in two, the one goes directly to the burners as secondary air and the 
other goes to the primary air fans. The PA-fans are used to transport 
the fine coal from the mill to the furnace. The secondary air provides the 
majority of the oxygen to burn the fine coal in the furnace. The ash and 
gases must also be removed under controlled conditions. This is done 
by the 10-fans. 
2.3.2 Gas Flow 
The induced draught fans draw the ash plus flue gases from the furnace 
through three air heaters and an electrostatic precipitator. After exiting 
the 10-fans the flue gas are discharged into the stack and out to the 
atmosphere. Flue gas consists mainly of ash, N2, S02, CO, and C02. 
Through the use of the 10-fans, the furnace is controlled at a negative 
pressure of typically -0,2 kPa. The course ash particles formed by the 
burning coal in the furnace falls down into the submerged scraper 
conveyor where water cools and breaks the ash into small pieces. 
The flue gases flow from the furnace, through the super heater 
elements, convection bank, air heaters and electrostatic precipitator 
before reaching the 10-fans. 
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After the convection bank, the heavier ash particles in the flue gas fall 
into the horizontal pass hopper. The fine ash in the gas flow enters the 
air heaters. 
In the air heaters, the gas flows around the air heater tubes. The high 
temperature of the gas flows is transferred through the metal tube to the 
cold air from the FD- and PA-fans in the tube. 
The gas flow flows into the electrostatic precipitator at a temperature of 
typically 21 ooc. In the electrostatic precipitator the majority of fine ash is 
forced onto plates and removed by plate-rappers. The ash falls into the 
electrostatic precipitator ash hoppers where it is removed. The cleaned 
gas flows through the 10-fan itself and then to the stack and out into the 
atmosphere. 
2.4 Coal Feeder 
Coal is supplied to the boiler with a conveyor belt which dumps the coal 
into coal bunkers above the coal feeder. The coal from the bunker 
enters from the top of the feeder, through four isolating slide valves, onto 
a metal belt inside the feeder. A blade, set at 400 mm, fixes the height 
of coal drawn from the southern section of the coal bunker and a second 
blade, set 700 mm, fixes the height of coal drawn from the northern 
section of the coal bunker. The coal then moves through a paddle shaft, 
which is mounted in front of the metal belt inside the feeder and from 
here the coal drops into the coal mill. The purpose of the paddle shaft is 
to break up the coal and distribute it evenly to the mill. 
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2.5 The Coal Mill 
Each boiler has four mills that are used to grind the coal. The boiler can 
only run at full load if all four mills are in operation. 
The mill grinds the course coal to a fine powder known as pulverized fuel 
(PF). At the top of the mill there is a classifier that is used to separate 
the larger from the smaller particles. The larger particles are returned to 
the mill where it is ground again. After the classifier the fine coal enters 
a distribution box where the fine coal flow is divided into four equal 
streams. Each of these streams then goes to a burner where it is blown 
into the furnace for combustion. Each mill supplies four burners and 
there are four mills, therefore the boiler has sixteen burners. 
2.6 The Fuel Oil Burner 
The fuel oil is supplied from the fuel oil tanks, via filters, pumps and pre-
heaters, to the boiler fuel oil supply station. From here the fuel oil flows 
to the oil burner common supply header. From the common supply 
header the fuel oil flows to the oil burner. A flexible hose is connected to 
the oil burner lance with a coupling, to replace the oil burner lance 
quickly if necessary. 
From the atomising steam station, steam flows through a common 
header to each boiler. The steam flows through a common header, to 
each of the 16 oil burners of the boiler. The steam supply is then divided 
in two and is used for the following purposes: 
Atomising steam: The steam flows via a flexible hose to the oil 
burner. The atomising steam is used to make ignition easier, by 
breaking up the oil into smaller parts. The flexible hose is 
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connected to the oil burner lance also with a coupling, for quick 
replacement purposes. 
Purging steam: This purge steam pipeline ties into the fuel oil 
supply line. The purging steam is used to prevent the oil from 
solidifying in the oil burner lance and nozzle. The flexible hose is 
connected to the oil burner lance also with a coupling for quick 
replacement purposes. 
2.7 Blow Down Vessel or Flash Tanks 
The blow down vessel is used for the collection of the water and steam 
that is drained from the boiler. In the vessel the water and steam is 
reduced in pressure and then re-used. Some of the hot water flashes 
into steam. It normally operates at a pressure of 350 kPa and have a 
pressure safety valve (PSV) installed which is set at a pressure of 600 
kPa. The steam leaves through the top of the vessel and enters the low 
pressure header. The remaining water leaves the vessel at the bottom, 
through a level control valve, which controls the level in the vessel. 
There is one blow down tank per boiler. The following drain into the 
blow down vessel: 
Continuous blow downs, from the steam and water drum, 
Mud drum drains, 
Soot blower system drains, 
Final superheated outlet header drain, 
Superheated outlet header drain, 
Superheated outlet header drain, 
Feed water line to boiler condenser, and 
Boiler condenser. 
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2.8 Soot-Blower System 
The pulverised fuel is used for combustion and very high temperatures 
typically are reached in the furnace where combustion takes place. 
During this combustion process, ash is formed. This ash sticks onto the 
boiler tubes and forms an insulating layer on the tubes. This reduces 
the heat transfer in the furnace and lowers the efficiency of the boiler. 
This is why it is necessary to blow soot from the furnace walls, super 
heater tubes and convection bank to get rid of the ash and clinkers. 
The steam, which is used to blow soot, comes from the boiler 
attemperator on the boiler roof. The steam flows through a main hand 
isolating valve and then through a motorised valve to all 22-soot 
blowers. At each soot blower the steam pressure reduces as it goes 
through the poppet valve. The soot blowing system also consists of 
cooling air, which comes from the primary air ducting just before the 
primary air heaters. The purpose of the cooling air is to cool down the 
soot blowers and to prevent the soot blower nozzles from blocking. The 
steam is also a cooling medium while the soot blower is in operation; this 
is to prevent the soot blower lance from overheating and bending. At the 
bottom of the soot blowing lines there are two drain valves. These 
drains are used to drain all the condensate from the system when the 
system is warming up. 
2.9 Summary 
As can be seen from this short description of a case study boiler this is a 
complex system which must be maintained. Figure 2.1 shows all the 
components and the main components are marked for clarity. Each of 
the different components has different failure modes and failure 
intervals. Because of this it is important to schedule your maintenance 
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well in advance to allow the operator of the plant to synchronize the 
availability of the plant during high demand periods. 
The formulas for calculating the availability of systems varies depending 
on the system and maintenance type. The methods of calculating 
availability are discussed in the next chapter. 
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l 
3 AVAILABILITY 
3.1 Introduction 
When considering corrective maintenance the interest is not only in the 
probability of failure, but also in the in the number of failures and in the 
time required to make repairs. For such considerations two reliability 
parameters are the focus of attention. Availability is the probability that a 
system is available for use at a given time. It may be viewed as a 
fraction of time that a system is in an operational state. Maintainability is 
a measure of how fast a system may be repaired following failure. 
Availability is influenced by the reliability and the maintainability of a 
system. The reliability influences it by the time between failures, the 
longer the time between failures the better the availability. 
( Availability ) (Uptime) 
Reliability [ Maintainability l (Time to failure) (Time to return to service) 
Active repair time Administrative time 
(Repair techniques) (Spares, Labour, Facilities, 
Movement. Paperwork) 
Figure 3.1. Factors contributing to availability. [5] 
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Maintainability influences it by the time it takes to repair a system, the 
longer it takes to repair a system the lower is the availability. These 
factors which control availability are illustrated in figure 3.1. [3] [5] 
3.2 Corrective Maintenance 
3.2.1 Availability 
For repairable systems a fundamental quantity of interest is the 
availability. It is defined as follows: 
A(t) ==probability that the system is performing 
satisfactorily at time t. 
(3.1) 
This is referred to as the point availability. Often it is necessary to 
determine the interval or mission availability. The interval availability is 
defined by 
1 ( A* (T) == T .b A(t)dt . (3.2) 
It is just the value of the point availability averaged over some interval of 
time, T. This interval may be the design life of the system or the time to 
accomplish some particular mission. Finally, it is often found that after 
some initial transient affects the point availability assumes a time-
independent value. In these cases the steady-state or asymptotic 
availability is defined as 
1 1' A*(oo)==lim- A(t)dt-
T->"' T 
(3.3) 
DP Els (9002515) 23 
Economic Scheduling of Steam Boiler Plant Shut Downs for Targeted Availability 
If a system or its components cannot be repaired, the point availability is 
just equal to the reliability. The probability that it is available at t is just 
equal to the probability that it has not failed between 0 and t: 
A(t) = R(t) (3.4) 
Combining equations 3.2 and 3.4, the following is obtained 
1 ( A* (T) = T .b R (t )dt . (3.5) 
Thus, as T goes to infinity, the numerator becomes the mean time to 
failure or MTTF, a finite quantity. The denominator, T, however, 
becomes infinite. Thus the steady-state availability of a non-repairable 
system is 
A*(oo)=O. (3.6) 
Since all systems eventually fail, and there is no repair in this case, the 
availability the averaged over an infinitely long time span is equal to 
zero. [3] 
3.2.2 Maintainability 
The quantitative description of repair processes and the definition of 
maintainability are now addressed. Lett be the time required to repair a 
system, measured from time of failure. If all repairs take the same 
length of time, t is just a number, say t = T. In reality, repairs require 
different lengths of time, and even the time to perform a given repair is 
uncertain because circumstances, skill level, and a host of other factors 
vary. Therefore t is normally not a constant but rather a random 
variable. This variable can be considered in terms of distribution 
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functions as follows. Suppose that the probability density function or 
PDF is defined as 
P{t::;; t::;; t + M} = m(t)!1t . (3.7) 
That is, m(t)M is the probability that repair will require a time between t 
and t+/).t. The cumulative distribution function corresponding to equation 
3.7 is defined as the maintainability 
M(t) = J:m(t')dt', (3.8) 
and the mean time to repair or MTTR is then 
MTTR = f tm (t)dt . (3.9) 
The instantaneous repair rate can be defined as follows 
()
A P{t:s;t::;;t+!1t}. 
v t D.t = ' 
P{t > t} 
(3.1 0) 
v(t)M is the probability that the system will be repaired between t and 
t+M, given that it failed at t. Noting that 
then 
M (t) = P{t::;; t} = 1-P{t ~ t}, 
v(t) = m(t) . 
1- M(t) 
(3.11) 
(3.12) 
Equations 3.8 and 3.12 may be used to express the maintainability and 
the PDF in terms of the repair rate. To do this, differentiate equation 3.8 
to obtain 
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d 
m(t) = -M(t), 
dt 
and combine this result with equation 3.12 to yield 
ld 
v(t) =[1-M (t)r - M (t) · 
dt 
(3.13) 
(3.14) 
Moving dt to the left and integrating between 0 and t, the following is true 
1 ( ')d . _ r(t) dM vt t- --. 1-M (3.15) 
Evaluating the integral on the right-hand side and solving for the 
maintainability [3] [18], gives 
M(t) = 1- exp[- J>(t')dt']- (3.16) 
Finally, use equation 3.13 and 3.14 to express the PDF for repair times 
as [3] [18] 
m(t) = v(t)exp[- J>(t')dt']. (3.17) 
Many factors contribute to determining both the mean time to repair and 
the PDF, m(t), by which the uncertainties in repair time are 
characterized. These factors range from the ability to diagnose the 
cause of failure, on the one hand, to the availability of equipment and 
skilled personnel to carry out the repair procedures on the other. The 
determining factors in estimating repair time vary greatly with the type of 
system that is under consideration. [3] 
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3.3 Repair: Revealed Failures 
In this section systems are examine for which the failures are revealed, 
so that repairs can be immediately initiated. In these situations two 
quantities are of primary interest, the number of failures over a given 
span of time and the system availability. The number of failures is 
needed in order to calculate a variety of quantities including the cost of 
repair, the necessary repair parts inventory, and so on. Providing that 
the MTTR is much smaller than the MTTF, reasonable estimates for the 
number of failures can be obtained using the Poisson distribution, and 
neglecting the system downtime for repair. For availability calculations, 
repair time must be considered or else A(t) = 1 would simply be 
obtained. Ordinarily, this is not an acceptable approximation, for even 
small values of the unavailability A(t) are frequently important, whether 
they be due to the risk incurred through the unavailability of a critical 
safety system or to the production loss during the downtimes of an 
assembly line. 
In what follows, two models for repair are developed to estimate the 
availability of a system, constant repair rate, and constant repair time. It 
should be clear from comparing these that most of the more important 
results depend primarily on the MTTR, not on the details of the repair 
distribution. [3] 
3.3.1 Constant Repair Rates 
To calculate availability, the repair rate must be taken into account, even 
though it may be large compared to the failure rate. Assume that the 
distribution of times to repair can be characterized by a constant repair 
rate 
v(t) = v. (3.18) 
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The PDF of times to repair is then exponential [3] [18], 
( ) 
-vt 
m t = ve , 
and the mean time to repair is simply 
1 MTTR =-· 
v 
(3.19) 
(3.20) 
Although the exponential distribution may not reflect the detail of the 
distribution very accurately, it provides a reasonable approximation for 
predicting availabilities, for these tend to depend more on the MTTR 
than on the details of the distribution. Even when the PDF of the repair 
is bunched about the MTTR rather than being exponentially distributed, 
the constant repair rate model adequately predicts the asymptotic 
availability. 
Consider a two-state system; it is either operational, state 1, or it is 
failed, state 2. Then A(t) and A(t), the availability and unavailability, are 
the probabilities that the state is operational or failed, respectively, at 
timet, where tis measured from the time at which the system operation 
commences and therefore have the initial conditions A(O) = 1 and A(O) = 
0, and of course, 
A(t) + A(t) = 1. (3.21) 
Consider the change in A(t) between t and t + L1t. There are two 
contributions. Since A L1t is the conditional probability of failure during L1t, 
given that the system is available at t, the loss of availability during L1t is 
A L1t A(t). Similarly, the gain in availability is equal to v L1t A(t), where v L1t 
is the conditional probability that the system is repaired during L1t, given 
that it is unavailable at t. Hence it follows that 
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A(t + llt) = A(t)- A.lltA(t) + vlltA(t). (3.22) 
Rearranging terms and eliminating A(t) with equation 3.21, the result is 
[3] [18] 
A(t + llt)- A(t) _ ( 1 )A() 
____::__ _ ___c______:c...:._ - - /l, + v t + v . 
llt 
(3.23) 
Since the expression on the left-hand side is just the derivative with 
respect to time, equation 3.23 may be written as the differential 
equation, as f:J ~ 0 
d 
- A(t) =-(A.+ v)A(t) + v · 
dt 
(3.24) 
Now use an integrating factor of e'A.+v may be used along with the initial 
condition A(O) = 1 to obtain [3] [18] 
A(t) = _v_ + ~ e -(A+v)t. 
A+V A+V 
(3.25) 
Note that the availability begins at A(O) = 1 and decreases monotonically 
to an asymptotic value 11(1+ Wv), which depends only on the ratio of 
failure to repair rate. The interval availability may be obtained by 
inserting equation 3.25 into equation 3.2 to yield [3] [18] 
A*(T)=-v-+ A, [t-e+<+v)r], (3.26) 
A-+v (A-+vYT 
and the asymptotic availability is obtained by letting T go infinity. Thus 
v A*(oo)=--· 
A+V 
(3.27) 
Finally, note from equation 3.25 and 3.27 that for constant repair rates 
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A*(oo)=A(oo). (3.28) 
Since, in the most instances, repair rates are much larger than failure 
rates, a frequently used approximation comes from expanding equation 
3.27 and deleting higher terms in Wv. After some algebra the following is 
obtained [3] [18] 
A*(oo):=l-..1,/v. (3.29) 
The ratio in equation 3.27 may be expressed in terms of the mean time 
between failures and the mean time to repair. Since MTTF = li'A and 
MTTR = 1/v, the following is obtained [3] [18] 
A( ) MTIF 00 
- MTTF + MTTR 
(3.30) 
This expression is sometimes used for the availability even though 
neither failure nor repair is characterized well by the exponential 
distribution. This is often quite adequate, for, in general, when 
availability is averaged over a reasonable period T of time, it is 
insensitive to the details of the failure or repair distributions. This is 
indicated for constant repair times in the following section. [2] [3] [7] [9] 
[1 0] 
3.3.2 Constant Repair Times 
In the forgoing availability model a constant repair rate was used, as will 
be done throughout much of the remainder of this chapter. Before 
proceeding, however, the calculation of the system availability is 
repeated using a repair model that is quite different; all the repairs are 
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assumed to require exactly the same time, 7. Thus the PDF for time to 
repair has the form 
m(t) = 5(t- r), (3.31) 
where o is the Dirac delta function [19]. Although the availability is more 
difficult to calculate with this model, the result is instructive. It will be 
seen that whereas the details of the time dependence of A(t) differ, the 
general trends are the same, and the asymptotic value is still given by 
equation 3.30. 
A differential equation may be obtained for the availability, with the initial 
condition A(O) = 1. Since all repairs require a time 7, there are no repairs 
for t < 7. Thus instead of equation 3.22, only the failure term is on the 
right-hand side (v=O), 
A(t + ~t) = A(t)- A,~tA(t), 0 ~ t ~ r, (3.32) 
which corresponds to the differential equation 
d 
- A(t) = -M(t), 0 ~ t ~ r. 
dt 
(3.33) 
For times greater than 7, repairs are also made; the number of repairs 
made during Llt is just equal to the number of failures during Llt at a time 
7 earlier: Jc Llt A(t- 7). Thus the change in availability during Llt is [3] 
A(t + ~t) = A(t)- A,~tA(t) + A,~tA(t- r), t > r, (3.34) 
which corresponds to the differential equation 
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- A(t) = -M(t) + A,A(t- r), t > r. 
dt 
(3.35) 
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Equations 3.34 and 3.35 are more difficult to solve than those for the 
constant repair rate. During the first interval, 0 g :::;,7, simply [3] [18] 
A(t) = e-At, 0 ~ t ~ r . (3.36) 
For t > T, the solution in successive intervals depends on that of the 
preceding interval. To illustrate, consider the interval NT :=;,t :::;,(N+ l)T. 
Applying an integrating factor e'N to equation 3.35, solve for A(t) in terms 
of A(t- T): [3] [18] 
A(t) = A(Nr)e-"Ct-Nr) + r dt'A,e-ic(t-t'l A(t'-r), Nr ~ t ~ (N + l)r ,(3.37) JNr 
For N = 1, by inserting equation 3.36 on the right-hand side the following 
is true 
A(t) = e-:<t + A-(t- r)e-.<(1-r), r ~ t ~ 2r. (3.38) 
For N = 2 there will be three terms on the right-hand side, and so on. 
The general solution for arbitrary N appears quite similar to the Poisson 
distribution: [3] [18] [20] 
N [A-(t n r]" A(t)=L -, e-W-nr), Nr~t~(N+l)r· 
n~o n. 
(3.39) 
The solutions for the constant repair rate and the constant repair time 
models are plotted for the point availability A(t) in figure 3.2 for T = 1/v. 
Note that the discrete repair time leads to breaks in the slope of the 
availability curve, whereas this is not the case with the constant failure 
rate model. However both curves follow the same general trend 
downwards and converge to the same asymptotic value. Thus, if 
interested only in the general characteristics of availability curves, which 
normally is the case, the constant repair rate model is quite adequate, 
even though some of the structure carried by a more precise evaluation 
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of the repair time PDF may be lost. Moreover, to an even greater extent 
than with failure rates, not enough data is available in most cases to say 
much about the spread of repair times about the MTTR. Therefore, the 
single-parameter exponential distribution may be all that can be justified, 
and equation 3.30 provides a reasonable estimate of the availability. [3] 
1 Constant repair rate 
Constant repair time 
I 2r 3r 4r Sr 
Figure 3.2. Availability for different repair models. [3] 
3.4 Testing and Repair: Unrevealed Failures 
As long as system failures are revealed immediately, the time to repair is 
the primary factor in determining the system availability. When a system 
is not in continuous operation, however, failures may occur but remain 
undiscovered. This problem is most pronounced in backup or other 
emergency equipment that is operated only rarely, or in stockpiles of 
repair parts or other materials that may deteriorate with time. The 
primary loss of availability may then be due to failures in the standby 
mode that are not detected until an attempt is made to use the system. 
A primary solution for these classes of failures is periodic testing. As will 
be seen in the rest of the chapter, the more frequently testing is carried 
out, the more failures will be detected and repaired soon after they 
occur. However, this must be weighed against the expense of frequent 
testing, the loss of availability through downtime for testing, and the 
possibility of excessive component wear from too frequent testing. [3] 
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3.4.1 Idealized Periodic Tests 
Consider the effect of a simple periodic test on a system whose reliability 
can be characterized by a constant failure rate: [3] 
R(t) == e-:u. (3.40) 
The first thing that is clear is that system testing has no positive effect on 
reliability. For unlike preventive maintenance the test will only catch 
failures after they occur. 
Testing, however, has a very definite positive effect on availability. To 
see this in the simplest case, suppose that a system test is performed at 
time interval T0. In addition, make the following three assumptions: (1) 
The time required to perform the test is negligible, (2) the time to perform 
repairs is negligible, and (3) the repairs are carried out perfectly and 
restore the system to an as-good-as-new condition. Later, the effects of 
relaxing these assumptions are examined. 
Suppose that a system with reliability given by equation 3.40 at time 
interval T0 is tested. If there is no repair, the availability is equal to the 
reliability. Thus, before the first test, 
A(t) == R(t), 0 ~ t ~ T0 • (3.41) 
Since the system is repaired perfectly and restored to an as-good-as-
new state at t = T0, the following is true R(T0) = 1. Then since there is no 
repair between To and 2To, the availability will again be equal to the 
reliability, but now the reliability is evaluated at t- T0: [3] 
(3.42) 
DP Els (9002515) 34 
Economic Scheduling of Steam Boiler Plant Shut Downs for Targeted Availability 
This pattern repeats itself as indicated in figure 3.3. The general 
expression is 
(3.43) 
0 
Figure 3.3. Availability with idealized periodic testing 
for unrevealed failures. [3] 
For the situation indicated in figure 3.3, the interval and the asymptotic 
availability have the same value, provided that the integral in equation 
3.2 is taken over a multiple of T0, say mT0. It follows that [3] 
1 1"7;, 1 f'o A* (mT0 ) =- .b A(t)dt =- .b A(t)dt · 
mT0 T0 
(3.44) 
Since the interval availability is independent of the number of intervals 
over which A *(T) is calculated, so will the asymptotic availability A *(oo): 
[3] 
A* ( oo) = lim - 1- f 0' A(t)dt = _!__ r A(t)dt. (3.45) 
m-+oo mTo To 
The effect of the testing interval on availability may be seen by 
combining equations 3.40 and 3.45. The following is obtain [3] 
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(3.46) 
Ordinarily, the test interval would be small compared to the MTTF: }Jo 
<< 1. Therefore, the exponential may be expanded, and only the leading 
terms are retained to make the approximation [3] 
3.4.2 Real Periodic Tests 
1 A * ( oo) =: 1 --AT0 • 2 (3.47) 
Equation 3.47 indicates that availabilities may be achieved as close to 
one as desired merely by decreasing the test interval To. This is not the 
case, however, for as the test interval becomes smaller, a number of 
other factors - test time, repair time, and imperfect repairs - become 
more important in estimating availability. [3] 
When examining these effects, it is useful to visualize them as 
modifications in the curve shown in figure 3.3. The interval or asymptotic 
availability may be pictured as proportional to the area under the curve 
within one test interval, divided by T. Thus viewing each of the factors 
listed earlier in terms of the increase or decrease that it causes in the 
area under the curve. In particular, with reasonable assumptions about 
the ratios of the various parameters involved, it is possible to derive 
approximate expressions similar to equation 3.47 that are quite simple, 
but at the same time are not greatly in error. 
Consider first the effect of a non negligible test time, t1• During the test 
assume that the system must be taken off line, and the system has an 
availability of zero during the test. The point availability will then appear 
as the solid line in figure 3.4. Provided that it is again assumed that )\[0 
DP Els (9002515) 36 
Economic Scheduling of Steam Boiler Plant Shut Downs for Targeted Availability 
<< 1, so that equation 3.47 holds, and that t1 << T0 , the test time, is 
small compared to the test interval, it may approximate the contribution 
of the test to system downtime as t/T0. 'The availability indicated in 
equation 3.47 is therefore decreased to [3] 
1 t, A* (oo) ::= 1 --A-T --
2 ° T 0 
(3.48) 
Next consider the effect of a nonzero time to repair on the availability. 
The probability of finding a failed system at the time of testing is just one 
minus the point availability at the time the test is carried out. For small 
To this probability may be shown to be approximately tJ'o. Since 1/v is 
the mean time to repair, the contribution to the unavailability over the 
period To is tJ'olv, or dividing by the interval T0, it is found, as in equation 
3.29, the loss of availability to be approximately Nv. The availability can 
be modified by subtracting this term to yield [3] 
(3.49) 
The effect of this contribution to the system unavailability is indicated by 
the dotted line in figure 3.4. 
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Figure 3.4. Availability with realistic periodic testing 
for unrevealed failures. [3] 
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Examination of equation 3.49 is instructive. Clearly, decreases in failure 
rate and in test time t1 increase the availability, as do increases in the 
repair rate v. It may also be shown that the more perfect the repair, the 
higher the availability. Decreasing the test interval, however, may either 
increase or decrease the availability, depending on the value of the other 
parameters. For, as indicated in equation 3.49, it appears in both the 
numerator and the denominator of terms. 
Suppose that equation 3.49 differentiated with respect to To and set the 
result equal to zero in order to determine the maximum availability: 
(3.50) 
The optimal test interval is then 
(3.51) 
Substitution of this expression back into equation 3.49 yields a maximum 
availability of 
A*(cx:J)=l-(2.?t,tt)l/2- A,. 
v 
(3.52) 
If the test interval is longer than equation 3.51, undetected failures will 
lower availability. However, if a shorter test interval is employed, the 
loss of availability during testing will not be fully compensated for by 
earlier detection of failures. 
The test interval should increase as the failure rate decreases, and 
decrease as the testing time can be decreased. Other trade-offs may 
need to be considered as well. (3) 
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3.5 System Availability 
Thus far the effects on availability of the failure and repair of a system as 
a whole have been examined. But just as for reliability, it is often 
instructive to examine the availability of a system in terms of the 
component availabilities. Not only is data more likely to be available at 
the component level, but the analysis can provide insight into the gains 
made through redundant configurations, and through different testing 
and repair strategies. 
In what follows point availabilities of systems in terms of components are 
estimated. The appropriate integral is then taken to obtain interval and 
asymptotic availabilities. When the component availabilities become 
time-independent after a long period of operation, steady-state 
availabilities may be calculated simply by letting t - oo in the point 
availabilities. In testing or other situations in which there is a periodicity 
in the point availability, the point availability must be averaged over a 
test period, even though the system has been in operation for a 
substantial length of time. Very often when repair rates are much higher 
than failure rates, simplifying approximations, in which Nv is assumed to 
be very small, are of sufficient accuracy and lead to additional physical 
insight in comparing systems. 
Suppose that x represent the failed state of the system, and X the 
unfailed or operational state of the system. Similarly, let xi represent 
the failed state of component i, and Xi the unfailed state of the same 
component. In a nonredundant system, all the components must be 
available for the system to be available: 
(3.53) 
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Since the availability is defined as just the probability that the system is 
available, the following is true 
A(t) = f1 A, (t) · (3.54) 
i 
where the Ai(t) are the independent component availabilities. 
For redundant (i.e., parallel) systems, all the components must be 
unavailable if the system is to be unavailable. Thus, if x signifies a 
failed system and x, the failed state of component i, the following is true 
,......., ,....._, ,....._, ,....._, 
X= X 1 nX2 n .... nXM. (3.55) 
Since the unavailability is one minus the availability, the following is true 
1- A(t) = [1- AI (t) II- A2 (t) J ... [l- AM (t)]' (3.56) 
or more compactly, (3) 
A(t) = 1-IJ(l- A,(t)]· (3.57) 
i 
3.5.1 Revealed Failures 
Suppose that the constant repair rate model is applied to each 
component. According to equation 3.25, the component availabilities 
are then 
A(t) =-v_, -+-A_, -e-(.ic,+v,)t. 
I v, +A, v, +A, 
(3.58) 
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This relationship may be applied in the foregoing equations to estimate 
system availability. [3] 
If interested only in asymptotic availability, delete the second term of 
equation 3.58 to obtain 
(3.59) 
Combining this expression with equation 3.54, for a nonredundant 
system the following is true 
TI v. A(oo)= -'-· 
j V; +A; 
(3.60) 
If the reasonable assumption is made that repair rates are large 
compared to failure rates, vi >> f..;, then 
(3.61) 
With this expression substituted into equation 3.54 to estimate the 
availability of a nonredundant system, the following is true 
A(oo) := IJ(l- A; J. 
l vi 
(3.62) 
But since higher-order terms have already been deleted in the ratios f..;lvi, 
for consistency they should be eliminated from this equation. This yields 
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Thus the rapid deterioration of the availability with an increased number 
of components is seen. If it is further assumed that all the repair rates 
can be replaced by an average value vi= v, equation 3.63 becomes 
where 
A-
A(oo) = 1--
v 
(3.64) 
(3.65) 
Therefore, the same result as given for the system as a whole is 
obtained, provided that the component failure rates are summed. 
The effect of redundancy may be seen by inserting equation 3.59 into 
equation 3.57, the availability of a parallel system. For N identical units 
with )y = A. and vi = v, the following is true [3] 
A(oo)=1-(-A )N· 
A-+v 
If considering the case where v >> A, then 
A(oo) =: 1- ( ~ r, 
or correspondingly for the unavailability, 
~ (A)N A(oo) =: -;- . 
(3.66) 
(3.67) 
(3.68) 
The analogy to the reliability of parallel systems should be clear; both 
unreliability and unavailability are proportional to the Nh power of the 
failure rate. The foregoing relationships assume that there are no 
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common-mode failures. The presence of common-mode failure limits 
the gains that can be made through the use of parallel configurations, 
although not as severely as for systems that cannot be repaired. 
Suppose as an example N units in parallel are considered. Each having 
a failure rate "A divided into independent and common-mode failures. 
The following is true 
(3.69) 
where A1 are the availabilities with only the independent failure rate 'lv 
taken into account, and Ac is the common-mode availability with failure 
rate \. Assume that both common and independent failure modes have 
the same repair rate. Thus [3] 
A(oo) ==[1-[~JN]-v . 
A1 +v Ac +v 
(3.70) 
This may also be written in terms of 'lv =(I - {3)"A factors by defining f..c = 
{3/... (3) 
3.5.2 Unrevealed Failures 
In the derivations given previously it is assumed that component failures 
are detected immediately and that repair is initiated at once. Situations 
are also encountered in which the component failures go undetected 
until periodic testing takes place. The evaluation of availability then 
becomes more complex, for several testing strategies may be 
considered. Not only is the test interval To subject to change, but the 
testing may be carried out on all the components simultaneously or in a 
staggered sequence. In either event the calculation of the system 
availability is now more subtle, for the point availabilities will have 
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periodic structures, and they must be averaged over a test period in 
order to estimate the asymptotic availability. [3] 
To illustrate this, consider the effects of simultaneous and staggered 
testing patterns on two simple component configurations: the 
nonredundant configuration consisting of two identical components in 
series, and the completely redundant configuration consisting of two 
identical components in parallel. For clarity consider the idealized 
situation in which the testing time and the time to repair can be ignored. 
The failure rates are assumed to be constant. [3] 
Begin by letting AI(t) and A2(t) be the component point availabilities. 
Since the testing is carried out at intervals of T0 , the system point 
availability A(t) between t = 0 and t = To need only be determined, for the 
asymptotic mission availability is then obtained by averaging A(t) over 
the test period: 
1 fr,, 
A* ( oo) = A* (T0 ) = T .b A(t)dt · 
0 
(3.71) 
Simultaneous Testing When both components are tested at the same 
time, t = 0, T0, 2 T0 , ... , the point availabilities are given by 
(3. 72) 
and 
(3.73) 
For the series system the following is true 
A(t) =AI (t)A2 (t)' (3.74) 
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or 
(3.75) 
For the parallel system the following is true [3] 
A(t) = AI (t) + A2 (t)- AI (t)A2 (t) ' (3.76) 
or 
(3.77) 
The availabilities are plotted as solid lines in figure 3.5a and b, 
respectively. The asymptotic availability obtained from equation 3.71 for 
the series system is [3] 
A * (T) = - 1- 11- e-2ATo) 
s o 2J..,T \ 
0 
(3.78) 
whereas that of the parallel system is [3] 
A *(T)=-1-(3-4e-.<Tu +e-2u;,). (3.79) 
r 
0 2J..,T 
0 
Staggered Testing Now consider the testing of components at 
staggered intervals of T0/2. By assuming that component 1 is tested at 
0, To, 2To . .. , whereas component 2 is tested at the half-intervals To/2, 
3To/2, .. .. The point availabilities within any interval after the first one are 
given by 
A1 (t) = e-At, 0 :::;; t :::;; T0 , (3.80) 
and 
DP Els (9002515) 45 
Economic Scheduling of Steam Boiler Plant Shut Downs for Targeted Availability 
T O~t<_Q_, 
2 (3.81) 
To determine the point system availability, combine these two equations 
with equations 3.74 and 3.76, respectively, for the series and parallel 
configurations. The results are plotted as dotted lines in figures 3.5a 
and 3.5b. 
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Figure 3.5. Availability for a two-component system 
with unrevealed failures. [3] 
To calculate the asymptotic availabilities for staggered testing, first note 
from figure 3.5 that the system point availabilities for both series and 
parallel situations have a periodicity over the half-intervals T0/2. 
Therefore, instead of averaging A(t) over an entire interval as in equation 
3.71, it needs to be averaged only over the half-interval. Hence 
A* (T0 ) = ~ (" 12 A(t)dt · 
0 
(3.82) 
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For the series configuration the following is calculated A1(t)A2(t) from 
equations 3.80 and 3.81, substitute the result into equation 3.82, and 
carry out the integral to obtain [3] 
A * (T ) = _1_ { e -A.T0 12 _ e -3Xl(, 12). 
s 
0 2A,T ~ 
0 
(3.83) 
Similarly, for the parallel configuration A(t) is obtained by substituting 
equations 3.80 and 3.81 into equation 3.76, combine the result with 
equation 3.82, and perform the integral to obtain 
A P *(To) = A~ (2- 2e -A-1(, - e -Aro I 2 + e -HI(, I 2). 
0 
(3.84) 
Although the point availabilities plotted as dotted lines in figure 3.5 are 
interesting in understanding the effects of staggering on the availability, 
the asymptotic values are often more useful. Evaluation of the 
appropriate expressions indicates that in the nonredundant (series) 
configuration higher availability is obtained from simultaneous testing, 
whereas staggered testing yields the higher availability for redundant 
(parallel) configurations. 
This behaviour can be understood explicitly if the expressions for the 
asymptotic availability are expanded in powers of )\[0, since for small 
failure rates the lowest-order terms in )V'0 will dominate the expressions. 
The results of such expansions are presented in table 3.1. 
Table 3.1. Availability A *(To) for unrevealed failures. [3] 
Testing Series System Parallel System 
Simultaneous I- )\[o + 73()\[of I- %()\[of 
Staggered I - )\[o + 1 j h4()\[o l I- 5h4 ()\[of 
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The effects of staggered testing become more pronounced when repair 
time, testing time, or both are not negligible. For example, even for a 
zero failure rate, the testing time t1 will decrease the availability of the 
series system by t/To if the systems are tested simultaneously. If the 
tests are staggered in the series system, the availability will decrease by 
2t/T0. Conversely, in the parallel system simultaneous testing with no 
failures will decrease the availability by t/T0, but if the tests are 
staggered so that they do not take both components out at the same 
time, the availability does not decrease. 
These results can be generalized to combinations of series and parallel 
configurations. However, the evaluation of the integral in equation 3. 71 
over the test period may become tedious. Moreover, the evaluation of 
maintenance, testing, and repair policies become more complex in real 
systems that contain combinations of revealed and unrevealed failures, 
large numbers of components, and dependencies between components. 
[3] 
3.6 Summary 
Availability is a measure of the maintenance departments overall 
capability to keep the companies equipment in running order. In the 
case study in the next chapter the availability of a boiler plant is 
calculated. The object of the calculation is to know the minimum 
required availability for the boiler plant to produce the steam required by 
the rest of the petrochemical factory. After the minimum availability is 
known the rest of the time that the boiler is available can be used to 
generate electricity through the generators. The time spent on 
maintenance of the boiler must be minimized to allow the boiler to 
produce as much steam as possible. 
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4 AVAILABILITY CALCULATION 
4.1 Introduction 
In the case study maintaining the mechanical, electrical and 
instrumentation sections of the boilers are typically divided into two types 
of maintenance, the first is scheduled maintenance and the other un-
scheduled. Scheduled maintenance includes all the statutory 
maintenance as well as the maintenance required after doing 
inspections on the boilers and is scheduled more than a year in 
advance. In this case study the boiler plant consists of seventeen 
boilers as described in chapter two. The seventeen boilers are divided 
into two groups, the first a group consists of eight boilers and is located 
on the western side of the petrochemical factory. The other nine boilers 
are located on the eastern side of the petrochemical factory. In figures 
4.1 and 4.2 plot plans of the two groups of boiler are shown. 
The boilers are scheduled for statutory maintenance every four years as 
is shown in the Gantt chart in figure 4.3. This means that there are four 
shut downs every three years and five shut downs in the fourth year. 
The shut downs are scheduled in such a way that there are no boiler 
shut downs in the winter months in South Africa. 
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Figure 4.2. Plot plan of boilers located on the western side of the factory. 
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Figure 4.2. Plot plan of boilers located on the eastern side of the factory. 
This is done because of high electricity prices in the winter months in 
South Africa and the fact that there are no boilers off line in the winter 
months allows for the maximum electricity generation. During the month 
of September each year the complete petrochemical factory shuts down 
and during this time the opportunity is utilised to do scheduled 
maintenance on the boilers. 
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Figure 4.3. Statutory Maintenance Schedule of the Boilers. 
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Table 4.1. Boiler Days Available for Un-Scheduled Maintenance. 
BOILER DAYS AVAILABLE FOR MAINTENANCE 
Month Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun 
Days 31 31 30 31 30 31 31 28 31 30 31 30 
tons tons tons tons tons tons tons tons tons tons tons tons 
steam I steam I steam I steam I steam I steam I steam I steam I steam I steam I steam I steam I 
hour hour hour hour hour hour hour hour hour hour hour hour 
TOTAL POSSIBLE STEAM 
PRODUCTION 9180 9180 9180 9180 9180 9180 9180 9180 9180 9180 9180 9180 
WEST PLANT HP 
REQUIREMENTS 
HP Steam to Polifin (Unit 24) 85.00 85.00 85.00 85.00 85.00 85.00 85.00 85.00 85.00 85.00 85.00 85.00 
HP Steam to Carbotar (SCI) 15.00 15.00 15.00 15.00 15.00 15.00 15.00 15.00 15.00 15.00 15.00 15.00 
HP Steam to Gasification (Unit 
1 0) 1577.96 1568.30 1328.05 1299.01 1577.96 1577.96 1599.15 1599.15 1599.15 1599.15 1599.15 1599.15 
HP Steam to Synthol (Unit 20) 896.57 891.08 720.94 709.67 896.57 896.57 916.13 916.13 916.13 916.13 916.13 916.13 
HP Steam Letdown (4 & 8 bar) 26.90 26.90 26.90 26.90 26.90 26.90 26.90 26.90 26.90 26.90 26.90 26.90 
HP Steam to Turbines (Unit 43) 1510.74 1510.74 601.63 1392.30 1203.79 1249.24 1166.52 1156.88 1108.16 1146.80 1028.68 1443.73 
TOTAL HP Steam Requirement-
WEST 4112.16 4097.02 2777.51 3527.88 3805.21 3850.66 3808.70 3799.06 3750.34 3788.98 3670.86 4085.91 
EAST PLANT HP 
REQUIREMENTS 
HP Steam to Polifin _{Polifin PP) 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 
HP Steam to N Butanol (SCI) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
HP Steam to Gasification (Unit 
210) 1509.85 1509.85 1509.85 1509.85 1550.78 1550.78 1555.63 1555.63 1555.63 1555.63 1555.63 1555.63 ' 
HP Steam to Synthol (Unit 220) 852.44 852.44 852.44 852.44 875.55 875.55 891.70 891.70 891.70 891.70 891.70 891.70 
HP Steam letdown 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
HP Steam to Creosote (Unit 228) 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 
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HP Steam to Oxygen (Unit 240) 1228.32 1228.32 1228.32 1228.32 1261.63 1261.63 1263.24 1263.24 1263.24 1263.24 1263.24 1263.24 
HP Steam for Turbines (U243) 1007.16 1007.16 839.16 935.59 778.34 839.33 778.85 761.88 810.60 771.96 886.79 1007.16 
New Plants 233.50 233.50 233.50 233.50 233.50 233.50 233.50 233.50 233.50 233.50 233.50 233.50 
TOTAL HP Steam Requirement-
EAST 4840.27 4840.27 4672.27 4768.70 4708.80 4769.79 4731.92 4714.95 4763.67 4725.03 4839.86 4960.23 
TOTAL HP Steam Requirement 8952.431 8937.286 7449.777 8296.582 8514.013 8620.451 8540.62 8514.014 8514.015 8514.014 8510.72 9046.145 
TOTAL Spare HP Steam 227.57 242.71 1730.22 883.42 665.99 559.55 639.38 665.99 665.99 665.99 669.28 133.86 
REQUIRED AVAILABILITY 97.52% 97.36% 81.15% 90.38% 92.75% 93.90% 93.04% 92.75% 92.75% 92.75% 92.71% 98.54% 
Boiler Days in the Month 527 527 510 527 510 527 527 476 527 510 527 510 
Boiler Days Available for 
Maintenance 13.06 13.93 96.12 50.71 37.00 32.12 36.71 34.53 38.23 37.00 38.42 7.44 
Boiler Days Required for 
Scheduled Maintenance 0 20 72 27 30 23 5 28 20 29 31 4 
Boiler Days Available for Un- 1 1 l l l I Scheduled Maintenance 13.06 -6.07 24.12 23.71 7.00 9.12 31.71 6.53 18.23 8.00 7.42 3.44 --
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Un-scheduled maintenance consists of failures that force the boilers off 
line, for example tube leaks or fan failures. These failures are not 
planned for and are thus un-scheduled. Un-scheduled maintenance is a 
fact of life, but cannot be planned for because the failures are of a 
random nature. The only way of planning for such events is to know 
how much time is available for such incidents. 
4.2 Boiler Days Available for Un-Scheduled Maintenance 
To calculate the time available to perform scheduled and un-scheduled 
maintenance the amount of steam required by the rest of the factory to 
produce the down stream products must be calculated. This is done by 
taking the monthly average product produced and converting that to the 
amount of steam that must be produced. 
This amount of steam that is required by each of the different units that 
consume high pressure steam is shown in table 4.1. A sample 
calculation of the availability is shown in appendix A. This amount of 
steam is then compared to the maximum total amount of high pressure 
steam that can be produce by the steam plant. From this the required 
availability for the steam plant is calculated and the amount of boiler 
days available for maintenance is obtained. 
The number of days required for scheduled statutory maintenance is 
subtracted from the total amount of boiler days available. If a negative 
number is obtained this implies that the amount of power generated by 
the steam plant must be reduced to accommodate the down stream 
units of the factory. 
With the boiler days remaining after the scheduled days have been 
subtracted the plant can be maintained outside of its scheduled 
maintenance period. This will be work that typically includes 
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breakdowns and other smaller maintenance task that arose out of the 
day to day operation of the boiler. 
4.3 Summary 
By using availability calculations the amount of time available for 
maintenance was calculated. This enables the operator of the plant to 
schedule maintenance well in advance and plan properly for these 
occasions. If there are breakdowns the plant operator immediately 
knows how much time is available for the repair without effecting the 
bigger petrochemical factory and if the petrochemical factory is to be 
influenced this is known and the appropriate actions can be taken. 
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5 CONCLUSIONS AND RECOMMENDATIONS 
5.1 Introduction 
When operating a unit that is part of a larger factory it is important to 
know how much time is available for maintenance. To ensure that as 
little as possible production time is lost the individual units must know 
how much time is available for maintenance each month. It is also 
beneficial to know how much time is available for maintenance because 
this allows you to plan better for the times that you do shut down the 
plant. 
This technique is also of great value when planning and budgeting for 
the next financial year. This allows you to ensure that you will be able to 
supply your customer with your product as well as doing maintenance on 
your own equipment. During the specific financial year you will also be 
able to compare your performance to the amount that was budgeted. It 
also allows you the track any deviances from the original plan as soon 
as they arise. 
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Figure 5.1. Schematic drawing of petrochemical factory. 
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5.2 Conclusions and Recommendations 
When the operator of a plant is part of a bigger factory as in the case 
study of a petrochemical factory the scheduling of maintenance 
becomes very intricate. Figure 5.1 shows a schematic drawing of the 
petrochemical factory in the case study. From this it can be seen that 
the steam producing plant forms a small part of the factory, but if the 
steam plant is offline the rest of the factory can not produce. 
Because of this large impact the scheduling of maintenance on the 
steam plant that does not impact the rest of the petrochemical factory is 
critical. The amount of time available for maintenance is thus calculated 
by using availability calculations. This allows the operator of the plant to 
either schedule his maintenance not to affect the factory or to take the 
necessary steps to minimize the impact. 
This study only looked at the steam plant as a whole and did not 
consider the individual components of the boiler. This can be the 
subject of further study to optimize the maintenance schedule of each 
boiler by looking at the life of each component of the boiler. The life of 
each component will be different, some shorter and others longer, and 
the aim of the study will be to find the maintenance time interval for the 
boiler where the impact on cost will be the least for all the components. 
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APPENDIX A 
Availability Calculation 
From Chapter 3 it can be seen that for revealed failures with a constant repair 
rate, the availability can be calculated with the following formula [3] 
A OCJ _ MTTF 
( ) - MTTF +MTTR 
where MTTF and MTTR are defined as follows [3] 
1 MTTF =-, 
A-
1 MTTR =-· 
v 
But MTTF and MTTR can also be calculated as follows [21] 
MTTF =~or -D-T"" 
N 
MTTR = D 
N 
WhereTtat =Total production time for period [hours] 
N = Number of breakdowns during the interval (0, Ttatl 
D =Downtime for the period [hours] 
Tnu =Time machine not utilised [hours] 
The availability can then be rewritten as follows 
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A( ) MTTF 00 
- MTTF + MTTR 
N 
~at -D-Tnu D ~---=-+-
N N 
~at -D-Tnu N 
= x---
N ~at -Tnu 
~at-D- Tnu 
~at- Tnu 
(A.6) 
Because the boilers in the case study are in operation 24 hours a day and is 
only down for repairs Tnu = 0 and the availability can be rewritten as follows 
[21] 
Sample Calculation 
T -D A(oo) = __,_ta"'---t _ 
~at 
(A.7) 
If each of the boilers on the plant can deliver 540 tons steam per hour, the 
total amount of steam available from the 17 boilers per day is 
Steam available = 540 X 17 (A.8) 
= 9180 tons steam/hour 
This is a total of 9180 tons steam per hours that is available if the plant is 
100% available. The amount of steam required from the electricity generators 
on the plant and the petrochemical factory for the month of July in the case 
study is 8952.43 tons of steam per hour. This leaves 227.57 tons of steam 
per hour spare for the boiler plant. This time is use for scheduled 
maintenance. The time available for maintenance is calculated as follows, the 
required availability is calculated by dividing the required steam by the 
available steam 
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